INTRODUCTION
============

Pregnancy-associated plasma protein-A (PAPP-A), a zinc-binding matrix metalloproteinase that belongs to the metzincin superfamily of metalloproteinases, was initially discovered in the plasma of women in advanced stages of gestation^[@R1]^ but can also be produced in many nonplacental sites, including the cardiovascular system.^[@R2]^ Recently, increased activity of PAPP-A has been implicated in acute coronary syndrome (ACS), and circulating PAPP-A has been reported as an independent predictor of future adverse cardiovascular events and therefore a promising biomarker for risk stratification of ACS patients.^[@R2]--[@R4]^

Autopsy studies suggest that the majority of ACS occurs after rupture of a thin-cap fibroatheroma (TCFA) containing a thin fibrous cap overlying a large necrotic core.^[@R5]--[@R7]^ The Providing Regional Observations to Study Predictors of Events in the Coronary Tree (PROSPECT) study found that in patients presenting with ACS the untreated nonculprit lesion most likely caused subsequent major adverse cardiac events (MACE); and almost always had at least 1 of 3 high-risk features: TCFA phenotype by virtual histology (VH)-intravascular ultrasound (IVUS), plaque burden (PB) ≥70%; and minimal luminal area (MLA) ≤4.0 mm.^[@R8]^ Furthermore, the vulnerable atherosclerosis (VIVA) study and the European Collaborative Project on Inflammation and Vascular Wall Remodeling in Atherosclerosis-Intravascular Ultrasound (ATHEROREMO-IVUS) study demonstrated that VH-TCFA in both culprit and nonculprit lesions was associated with overall MACE.^[@R9],[@R10]^

Although PAPP-A is implicated in cardiovascular diseases, and increased PAPP-A immunostaining has been found within vulnerable plaques in autopsy patients and in animal models,^[@R2]--[@R4],[@R11]^ the association between circulating PAPP-A level and coronary TCFA burden has not been demonstrated in vivo in patients. The current 3-vessel VH-IVUS study therefore tested the hypothesis that patients with elevated PAPP-A levels would have a higher coronary burden of VH-TCFAs that could explain their heightened risk for MACE.

METHODS
=======

Patient Population
------------------

From January 2009 through December 2013, patients with either stable angina or non-ST-segment elevation ACS (NSTE-ACS) who were referred for percutaneous coronary intervention of a native, de novo coronary lesion were recruited. Exclusion criteria were ST-segment elevation myocardial infarction (STEMI); previous revascularization; anatomy unsuitable for 3-vessel VH-IVUS; any active inflammatory condition (ie, current infection, vasculitis, or rheumatic disease); and having received heparin before blood sampling for PAPP-A measurement. Data of angiograms, grayscale IVUS, and VH-IVUS were prospectively entered into the study database.

This study was performed in accordance with the Declaration of Helsinki. The study protocol was approved by the Institutional Review Board. Informed consent was obtained from all patients before the procedure.

Virtual Histology-intravascular Ultrasound Acquisition and Analysis
-------------------------------------------------------------------

Virtual histology intravascular ultrasound was performed in all main coronary arteries-target vessels before and after percutaneous coronary intervention and all major epicardial nontarget vessels. All IVUS data were acquired with the Volcano S5 Imaging System (Volcano Therapeutics, San Diego, CA). No patient developed angina or had any complication (ie, distal embolization, no-reflow, or thrombus formation) during IVUS imaging, which was performed after intracoronary administration of nitroglycerin (100--200 mg). The IVUS catheter was advanced into the most distal safe position and withdrawn to the aorta-ostial junction using an automatic pullback system with a standard pull back speed 0.5 mm/s. Grayscale data was captured at 30 frames/s. Backscatter data were captured at the peak "R" wave using electrocardiographic triggering to adjust for catheter oscillation during myocardial contraction.

Each grayscale IVUS and VH-IVUS frame was co-registered with the corresponding angiographic roadmap with the use of side branches for alignment as previously described.^[@R11],[@R12]^ Culprit lesions were identified on the basis of the association between angiographic lesion appearance and electrocardiographic changes or myocardial ischemia as detected during stress testing. All analyses were performed offline using Volcano Image Analysis Software without knowledge of PAPP-A levels and clinical information. External elastic membrane (EEM) and lumen borders were contoured for each slice. Quantitative IVUS measurements included EEM cross-sectional area (CSA), lumen CSA, plaque and media (P&M = EEM minus lumen) CSA, and plaque burden (P&M divided by EEM). Volumes were calculated using Simpson rule. Plaque volume burden was defined as plaque volume divided by analysis length.

A lesion on IVUS imaging was defined as at least 3 consecutive frames with a plaque burden of at least 40% and was classified by means of radiofrequency analysis consistent with published VH-IVUS classifications^[@R13]^: VH-TCFA; thick cap fibroatheroma (ThCFA); pathological intimal thickening (PIT); fibrotic plaque; and fibrocalcific plaque. Fibrotic plaque had mainly fibrous tissue with \<10% confluent necrotic core, \<10% confluent dense calcium, and \<15% fibrofatty plaque. Fibrocalcific plaque had mainly fibrous tissue with \>10% confluent dense calcium, but \<10% confluent necrotic core. Pathological intimal thickening was a mixture of all plaque components, but dominantly fibrofatty plaque with \<10% confluent necrotic core and \<10% confluent dense calcium. Fibroatheroma (both VH-TCFA and ThCFA) was defined as \>10% confluent necrotic core; because the resolution of VH-IVUS was 150--250 μm, it was not possible to detect fibrous cap thickness \<65 μm (the typical pathologic definition of a thin fibrous cap) so that if there was \>30° of necrotic core abutting to the lumen in 3 consecutive slices, the fibroatheroma was classified as VH-TCFA; otherwise, it was classified as ThCFA. The kappa coefficient of agreement for plaque classification for intraobserver variability was 0.90 (interval 3 months) and interobserver variability was 0.83 indicating excellent reproducibility. Intravascular ultrasound analysis was performed without knowledge of the findings of patient characteristics and blood measurement.

Blood Sampling and Pregnancy-associated Plasma Protein-A Measurement
--------------------------------------------------------------------

Blood sampling for PAPP-A measurement was conducted at the time of hospital admission, before any administration of heparin and before angiography or coronary intervention to avoid preanalytical bias.^[@R14]--[@R16]^ All patients who had received heparin before sampling were excluded because heparin administration has been associated with a rapid and significant increase in PAPP-A level because of detachment of PAPP-A from vessel walls.^[@R17]^ Blood was drawn and centrifuged immediately, and serum was then placed into aliquots and stored at −80 °C. Circulating PAPP-A levels were determined by means of a modified sandwich enzyme-linked immunosorbent assay technique using the US DSL-10--27200 PAPP-A ELISA kit (Diagnostic Systems Laboratories, Inc, TX) with interassay and intraassay coefficients of variation of \<5% and 10%, respectively.^[@R18]^ Technicians measuring PAPP-A level were blinded to clinical information. Levels of total, low-density lipoprotein (LDL) and high-density lipoprotein (HDL) cholesterol, triglycerides, cardiac troponin I (cTnI), and high-sensitivity C reactive protein (hsCRP) were measured using standard methods.

Data Collection and Follow-up
-----------------------------

Patients were followed up via clinical visits or telephone calls to the referring physician. Major adverse cardiac events included death, nonfatal myocardial infarction, and recurrent angina. The time to event was recorded and patients were studied for 1 year.

Statistical Analysis
--------------------

Variables were compared between groups using *t*-test and analysis of variance or the Mann--Whitney nonparametric test (displayed as median and interquartile ranges \[IQRs\]) when the frequency distribution was skewed and not normally distributed.^[@R19]^ The Kaplan--Meier method was used for plotting time to event, and the log rank test was used to compare event-free survival curves.^[@R20]^ Simple logistic regression analysis was used to assess univariate associations between patient characteristics, biochemical measurements, grayscale IVUS parameters, VH-IVUS parameters, and tertiles of PAPP-A levels. Multiple logistic regression analysis was used to assess the independent adjusted relationship between PAPP-A levels and VH-TCFA; independent variables were those with *P* \< 0.2 on univariate analysis. *P* \< 0.05 was considered to indicate statistical significance. Statistical analysis was performed using SPSS15.0 software (SPSS Inc, Chicago, IL).

RESULTS
=======

One hundred and fifty-four patients underwent 3-vessel VH-IVUS, and 975 plaques were classified. The interval between the latest onset of symptoms and first blood collection was 12.7 ± 6.4 hours. Median PAPP-A levels were 9.5 (interquartile: \[3.7, 12.6\]) mIU/L overall, and 2.9 mIU/L, 9.5 mIU/L, and 13.7 mIU/L in the low, intermediate, and high tertile groups, respectively. There was no significant difference in the interval between the latest onset of symptoms and blood collection among tertile groups: 13.4 ± 8.7 versus 12.6 ± 4.7 versus 12.2 ± 5.0 hours, respectively, *P* = 0.603.

Patient Characteristics
-----------------------

Baseline characteristics of patients are presented in Table [1](#T1){ref-type="table"}. Distributions of established risk factors and medications at study entry were similar. Patient age was 58.1 ± 8.5 years, 70.8% were men, 42.9% had type 2 diabetes mellitus, and 42.2% presented with ACS. cardiac troponin I (*P* \< 0.001) and hsCRP (*P* = 0.027) levels were higher in the high PAPP-A level tertile group.

###### 

Baseline Patient Characteristics According to Pregnancy-Associated Plasma Protein-A Level Tertiles
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Grayscale and Virtual Histology-intravascular Ultrasound Analysis
-----------------------------------------------------------------

As shown in Table [2](#T2){ref-type="table"}, there was a gradient in EEM CSA, P&M CSA, plaque burden, and remodeling index from low to high PAPP-A level tertiles at the MLA site; this was also true for plaque volume burden in the culprit vessel and 3 vessels, but not for the 3-vessel plaque number or total plaque volume.

###### 

Grayscale Intravascular Ultrasound Characteristics According to Pregnancy-associated Plasma Protein-A Level Tertiles
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As shown in Table [3](#T3){ref-type="table"}, there was a gradient in the VH-TCFA number and necrotic core amount at the MLA site, within the culprit vessel, and within all 3 vessels from the low to high PAPP-A level tertile.

###### 

Virtual Histology -intravascular Ultrasound Characteristics According to Pregnancy-associated Plasma Protein-A Level Tertiles
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All patients were then divided into 3 groups according to the tertiles of necrotic core area at the MLA site, culprit vessel necrotic core volume, and 3-vessel necrotic core volume. Pregnancy-associated Plasma Protein-A levels were highest in the group with largest necrotic core tertiles versus the other two groups in all comparisons: MLA site, culprit vessel, and 3-vessel analysis (Figure [1](#F1){ref-type="fig"}).

![PAPP-A level for each tertile of necrotic core amount. Pregnancy-associated plasma protein-A level was significantly higher in the highest tertile than in other groups. MLA = minimum lumen area, NC = necrotic core, PAPP-A = pregnancy-associated plasma protein-A.](medi-95-e2563-g004){#F1}

Thirty-eight patients (24.7%) had a VH-TCFA at the MLA site. Pregnancy-associated plasma protein-A levels were higher in patients with than without a VH-TCFA at the MLA site (\[15.3 ± 13.2\] mIU/L versus \[7.7 ± 4.6\] mIU/L, *P* \< 0.001, respectively). In addition, the number of VH-TCFAs in the culprit vessel or among all 3 vessels strongly correlated with PAPP-A levels; the more VH-TCFAs, the higher the PAPP-A levels (Figure [2](#F2){ref-type="fig"}).

![Pregnancy-associated plasma protein-A level for each number of TCFAs. The number of TCFAs at MLA, culprit vessel or 3-vessel strongly correlated with PAPP-A level; the more TCFAs, the higher the PAPP-A level. MLA = minimum lumen area, NC = necrotic core, PAPP-A = pregnancy-associated plasma protein-A, TCFA = thin-cap fibroatheroma.](medi-95-e2563-g005){#F2}

Table [4](#T4){ref-type="table"} summarizes the results of multivariate analysis for each of the clinical variables and IVUS, VH-IVUS measurements that could be independent predictors of higher total number of VH-TCFAs (n ≥ 3) in 3 vessels. After adjustment for all variables that were associated with higher total number of VH-TCFAs on univariate analysis (*P* \< 0.2), PAPP-A level, total number of plaques in 3 vessels, and NC area at MLA had an independent significant association with higher total number of VH-TCFAs.

###### 

Multivariate Analysis
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Clinical Outcome
----------------

Four patients (2.6%) were lost to follow-up (2 each for PAPP-A quartiles 1 and 2). Kaplan--Meier curves of event-free survival for MACE according to PAPP-A tertiles are shown in Figure [3](#F3){ref-type="fig"}. The log rank test showed a significant difference in the cumulative event-free survival among PAPP-A tertiles (*P* = 0.015).

![Kaplan--Meier curves of event-free survival for major adverse cardiac events according to pregnancy-associated plasma protein-A tertiles. The log rank test showed a significant difference in the cumulative event-free survival among pregnancy-associated plasma protein-A tertiles (*P* = 0.015).](medi-95-e2563-g007){#F3}

DISCUSSION
==========

The main findings of the current 3-vessel VH-IVUS study are that elevated serum PAPP-A level was significantly associated with: 3-vessel VH-TCFA number, culprit vessel VH-TCFA number, and MLA site VH-TCFA number; 3-vessel necrotic core volume, culprit vessel necrotic core volume, and MLA site necrotic core area; and 3-vessel plaque volume burden, but not with 3-vessel plaque number and total plaque volume in coronary arteries.

Pregnancy-associated plasma protein-A is a novel zinc metalloproteinase expressed in many circumstances beyond pregnancy, and has recently been implicated in cardiovascular diseases.^[@R2]--[@R4]^ Patients with ACS have elevated circulating PAPP-A levels,^[@R2]^ which allows risk stratification and risk prediction of future adverse cardiovascular events in ACS patients.^[@R2]--[@R4],[@R21],[@R22]^ The mechanisms underlying the association between PAPP-A and cardiovascular events are currently not fully understood. Studies on autopsy patients and mouse models have reported increased PAPP-A immunostaining in monocyte-macrophage cells and in the extracellular matrix in vulnerable atherosclerotic plaques.^[@R2],[@R11]^ In animal studies, transgenic mice over expressing PAPP-A in arterial smooth muscle exhibited enhanced lesion development and increased vulnerable plaque phenotype,^[@R23]^ whereas deletion of the PAPP-A gene in mice resulted in resistance to the development of neointimal hyperplasia as an acute injury response.^[@R24]^ In in vitro studies, PAPP-A has been demonstrated to be a specific activator of insulin-like growth factor-I (IGF-I), which stimulates migration and proliferation of smooth muscle cells, production and accumulation of foam cells, and degradation of extracellular matrix.^[@R25]--[@R27]^ Our previous grayscale-IVUS study demonstrated that higher circulating PAPP-A levels were associated with echo-attenuated plaques,^[@R28]^ a grayscale IVUS marker of plaque instability.^[@R6],[@R29]^ Grayscale IVUS, however, is limited to tissue characterization, especially for necrotic core-rich plaques. Virtual histology-intravascular ultrasound has been developed to improve on the plaque characterization ability of grayscale-IVUS, and VH-TCFAs have been associated with MACE in many recent studies.^[@R7]--[@R9]^ The current 3-vessel VH-IVUS study reinforces previous studies linking necrotic core parameters to high-risk features in ACS by showing that elevated PAPP-A level was associated with 3-vessel TCFA number and necrotic core volume, culprit vessel TCFA number and necrotic core volume, and MLA site TCFA and necrotic core area in patients with coronary artery disease.

Early detection of vulnerable plaque subtype is crucial for the prevention of acute cardiovascular events.^[@R30]^ The current study suggests the potential for PAPP-A as serum indicator for increased coronary TCFA burden and plaque instability in patients with coronary artery disease. Thus, identification of patients with elevated serum PAPP-A levels may allow targeting for aggressive systemic and possibly local therapies.

Of note, although VH-IVUS has a predictive accuracy of ∼93% for tissue characterization^[@R31]^ and a diagnostic accuracy of ∼76% for TCFA in ex vivo studies,^[@R32],[@R33]^ its limited resolution (100--150 μm) precludes visualization of thin-fibrous cap. Optical coherence tomography (OCT) provides better resolution (10--20 μm) than IVUS, thereby allowing visualization of thin-fibrous cap and TCFA detection with better diagnostic accuracy (∼79%);^[@R32]^ however, because of its limited depth of penetration (\<2 mm), it cannot detect the entire plaque structure and large/deep lipid cores. It has been reported that combined use of VH-IVUS and OCT might result in more precise detection of TCFA.^[@R32],[@R34]^ Further studies with OCT or combined VH-IVUS/OCT are warranted to validate the results of the current study.

Several important limitations of our study should be taken into account to properly interpret its findings. First, although data in the current study were prospectively collected and blindly analyzed, the sample size (975 plaques in 462 vessels) was relatively small; however, overall, intracoronary imaging studies are more sensitive than population-based studies. Second, VH-IVUS has some technical limitations including the inferential identification of a TCFA because a thin-fibrous cap is below the resolution of IVUS; however, VH-TCFA was a predictor of events in PROSPECT, VIVA, and ATHEROREMO-IVUS studies.

CONCLUSIONS
===========

Elevated PAPP-A levels were associated with increased coronary TCFA and necrotic core burden in patients with coronary artery disease. Pregnancy-associated plasma protein-A, therefore, might serve as a biomarker for predicting increased coronary TCFA burden and plaque instability.

Abbreviations: ACS = acute coronary syndrome, ATHEROREMO-IVUS = European Collaborative Project on Inflammation and Vascular Wall Remodeling in Atherosclerosis-Intravascular Ultrasound, CSA = cross-sectional area, cTnI = cardiac troponin I, EEM = external elastic membrane, HDL = high-density lipoprotein, hsCRP = high-sensitivity C reactive protein, IQRs = interquartile ranges, IVUS = intravascular ultrasound, LDL = low-density lipoprotein, MACE = major adverse cardiac events, MLA = minimal luminal area, NSTE-ACS = non-ST-segment elevation ACS, OCT = optical coherence tomography, P&M = plaque and media, PAPP-A = pregnancy-associated plasma protein-A, PB = plaque burden, PCI = percutaneous coronary intervention, PIT = pathological intimal thickening, PROSPECT = Providing Regional Observations to Study Predictors of Events in the Coronary Tree, STEMI = ST-segment elevation myocardial infarction, TCFA = thin-cap fibroatheroma, ThCFA = thick cap fibroatheroma, VH = virtual histology, VIVA = vulnerable atherosclerosis.
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